NOFIMA Marin, Ås, Norway S U M M A R Y Precise localization of proteins and mRNA in histological sections is necessary for evaluating spatial gene expression patterns. Here we report sensitive detection of the gene products in fish tissues by immunohistochemistry (IHC) and in situ hybridization (ISH) assays on sections of whole specimens and vertebra embedded in methyl methacrylate (MMA) resin. This plastic resin favors easy preparation of various specimen types and enables preparation of large sections with well-preserved cell morphology. IHC analysis of the muscle regulatory factor MyoD in transverse sections of juvenile cod revealed MyoD-positive cells in the dorsolateral parts of the adaxial muscle. ISH revealed less spatially restricted signals of the bone morphogenic protein bmp4 in muscle and brain. To assess the applicability of ISH on sections of bony tissue, col1a1 and col2a1 expression was investigated in nondecalcified vertebra sections of Atlantic salmon. The former was identified in both chondrocytes and osteoblasts, whereas the latter was mostly evident in chondrocytes. We conclude that MMA resin offers easy preparation of large and problematic tissues and the possibility of carrying out both IHC and ISH analyses using standard protocols. (J Histochem Cytochem 57:825-830, 2009) 
S U M M A R Y Precise localization of proteins and mRNA in histological sections is necessary for evaluating spatial gene expression patterns. Here we report sensitive detection of the gene products in fish tissues by immunohistochemistry (IHC) and in situ hybridization (ISH) assays on sections of whole specimens and vertebra embedded in methyl methacrylate (MMA) resin. This plastic resin favors easy preparation of various specimen types and enables preparation of large sections with well-preserved cell morphology. IHC analysis of the muscle regulatory factor MyoD in transverse sections of juvenile cod revealed MyoD-positive cells in the dorsolateral parts of the adaxial muscle. ISH revealed less spatially restricted signals of the bone morphogenic protein bmp4 in muscle and brain. To assess the applicability of ISH on sections of bony tissue, col1a1 and col2a1 expression was investigated in nondecalcified vertebra sections of Atlantic salmon. The former was identified in both chondrocytes and osteoblasts, whereas the latter was mostly evident in chondrocytes. We conclude that MMA resin offers easy preparation of large and problematic tissues and the possibility of carrying out both IHC and ISH analyses using standard protocols. (J Histochem Cytochem 57:825-830, 2009) K E Y W O R D S methyl methacrylate whole embedding large sections in situ hybridization immunohistochemistry LOCALIZATION OF GENE TRANSCRIPTS and the translated proteins by in situ hybridization (ISH) and immunohistochemistry (IHC), respectively, is commonly carried out on micrometer-thin sections of tissues. Thus, the sample must be embedded in a solid supporting medium for preservation of the finer tissue structures and cell morphology. The embedding material should minimize optimization of tissue preprocessing, and mRNAs and proteins should be available for binding to probes and antibodies, respectively. Embedding in a cryomedium offers optimal preservation and availability of biomolecules, but often results in inferior cellular resolution. Conversely, paraffin embedding improves the preservation of cellular morphology, but certain proteins may lose their antigenicity because of formalin-induced cross-linking and the high temperatures applied. Large and heterologous specimens are difficult to section and often require tedious optimization of the preprocessing steps in both methods, and bony tissue must be decalcified. Plastic resins facilitate difficult sectioning and offer improved morphological qualities, but impede accessibility for probes and antibodies. One exception is methyl methacrylate (MMA), which can be chemically removed from the tissue after sectioning (Erben 1997; Warren et al. 1998 ). Here we present MMA resin as a good alternative for embedding whole-specimen and bony tissues. ISH and IHC analyses of selected genes demonstrated that MMA offers easy preparation of difficult samples to evaluate the distribution of both mRNA and proteins in large tissue sections.
Materials and Methods

Tissue Preparation
Preprocessing of whole Atlantic cod (Gadus morhua) juveniles and Atlantic salmon (Salmo salar) vertebrae dissected from 15 g salmon was initiated by fixation in 4% paraformaldehyde (PFA) for 24 hr at 4C. Successive dehydration steps were carried out in 50%, 75%, and 96% ethanol for 24 hr each, before four changes of absolute ethanol. Clearing was carried out for 3 3 24 hr in xylene and finalized with 10 min degassing. Destabilization of MMA (Technovit 9100 New; Heraeus Kulzer GmbH, Wehrheim, Germany) was accomplished by pressing 100 ml resin through a 50-ml syringe one fourth filled with aluminum oxide (90 basic; Merck, Darmstadt, Germany). Also, to prevent aluminum oxide in the resin, a Millex Nylon filter was attached to the syringe (product nr. SLHN M25 NS; Millipore, Billerica, MA). For infiltration and embedding, a total of five different resin mixtures were applied as described in Table 1 . The initial three infiltration steps were carried out at 4C for 24 hr each, whereas incubation in mixture 4 was extended to 1 week or more. The specimens were then placed in polyethylene molds filled with the embedding mix and sealed to exclude oxygen, and polymerized for 7 days at 26C. Following polymerization, the resin blocks were cut and trimmed for correct orientation and then attached to microtome chucks using Technovit 3040 (Heraeus Kulzer). Sections were cut from the embedded specimens using a Microm HM 355S fitted with a D-profile tungsten carbide blade and a cutting angle of 3-4°. The cutting surface was kept wet with 30% ethanol, and the sections were mounted on precoated slides [0.01% poly-L-lysine (Sigma; St. Louis, MO) and 2% polyvinyl acetate glue (Casco; Arnheim, Germany)]. To ensure good adherence, a few drops of xylene were added before mounting and covering with a polyethylene foil and a clean slide. Several slide pairs were stacked and firmly pressed at room temperature for 1 hr and then overnight at 60C. Before use or storage, the slides were allowed to cool before careful removal of the polyethylene foil. Resin removal was carried out by successive incubations in xylene (1 hr), 2-methoxyethylacetate (1 hr), and acetone (10 min). The slides were then rehydrated in an ethanol series and rinsed for 5 min in diethylpyrocarbonate-treated dH 2 O before ISH and IHC analyses.
Detection of mRNA and Proteins
Both ISH and IHC were carried out according to standard protocols (Beesley 2000) with sense probes and secondary antibody as controls, respectively ( Figure 1 ). Riboprobes specific for Atlantic cod bmp4 (FJ435089) were synthesized from a Sp6-and T7-tailed 377-bp-long PCR fragment, whereas Atlantic salmon col1a1 (FJ195608) and col2a1 (FJ195613) probes were synthesized from a 1-kb and 256-bp fragment, respectively. The riboprobes and their sense variants were digoxigenin labeled (Roche; Basel, Switzerland). After resin removal and rehydration, the sections were washed in 1 3 PBS Tween-20 (PBST), postfixed in 4% PFA, acetylated (0.1 M triethanolamine with 0.25% acetic anhydride), and permeabilized for 30 min in 10 mg/ml proteinase K in 1 3 PBST at room temperature. Prehybridization and hybridization were carried out at 50C in 50% formamide, 5 3 SSC, 5 mM EDTA, 10% dextran sulfate, 500 mg/ml tRNA, 460 ml 1 M citric acid, and 0.05% Tween-20. Posthybridization washes were carried out twice in 50% formamide with 1 3 SSC Tween-20 at 60C and then three times in 1 3 PBST at room temperature. Next, the sections were blocked for 2 hr [1 3 maleic acid, pH 7.4, 1% blocking reagent (Roche), and 20% lamb serum], before addition of fresh blocking solution with antidigoxygenin alkaline phosphataseconjugated F(ab′) fragments (1:2000) (Roche). The slides were incubated overnight at 4C before five 30-min washes in 1 3 maleic acid and coloration using nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indoly phosphate p-toluidine salt (NBT/BCIP) (Roche). Prior to IHC analysis, the resin was removed as described above, and epitope retrieval was achieved by boiling the slides for 3 min in 10 mM Tris-HCl, pH 10, using a microwave oven. The slides were cooled and blocked for 1 hr in 1 3 TBS with 5% dry milk. A polyclonal antibody against Atlantic salmon MyoD (generous gift from Dr. I.A. Johnston), was used at a 500-fold dilution in 1 3 TBS with 2% dry milk. After five 30-min washes in 1 3 TBS, a secondary alkaline phosphatase-conjugated goat anti-rabbit F(ab′) fragment (Invitrogen; Life Technologies Corporation, Carlsbad, CA) was used at 1000-fold dilution in 1 3 TBS with 2% dry milk for 1 hr. The sections were washed in 1 3 TBS five times and developed as for the ISH sections. After NBT/BCIP coloration, both ISH and IHC slides were rinsed in water and mounted in aqueous mounting media. All images were captured 
Results
Tissue Embedding and Sectioning
Here we have investigated the embedding and sectioning of large and difficult tissues in MMA resin and the subsequent detection of mRNA and proteins of selected genes. We applied the commercially available Technovit 9100 New, although it is possible to prepare cold curable MMA from stock chemicals (Erben 1997) . Fine and fragile structures of both hard and soft tissues were well preserved in MMA resin, and few sections exhibited holes and tears, as can be experienced with paraffin embedding. Both transverse and longitudinal sections were prepared from the whole juvenile cod and from the adult salmon vertebra, resulting in up to 2-3-cm-long sections. Sizable sections were easily prepared at 6 mm, whereas smaller specimens could be cut thinner, down to 3 mm.
IHC and ISH Analysis
The detection of gene activity in MMA sections was performed using standard IHC and ISH protocols without any need for optimizations. Localization of MyoD by IHC in transverse sections of the juvenile cod revealed that positive cells were mainly located to the dorsolateral parts of the adaxial muscle, although some MyoD activity was also evident along the myoseptums. (Figures 2A and 2B ). Large numbers of MyoD-positive satellite cells were also observed in the slow muscle layer underneath the skin and along the lateral line. Analysis of bmp4 expression was investigated in both cross and sagital sections of a whole juvenile cod. In cross sections, the bmp4 signal was abundant in most cells of the axial muscle, with the exception of some larger myocytes deep inside the myotome (Figures 2C and 2D) . The sagital sections revealed spatially restricted expression of bmp4 in the brain, with strong expression in astrocytes, but also other cells ( Figures 3A and 3B) . Microscopy of the salmon vertebra revealed that both collagen genes were expressed in a cell-specific manner, with col1a1 abundantly expressed in chondrocytes and osteoblasts, whereas col2a1 was more prominent in chondrocytes ( Figures 3C and 3D ).
Discussion
Preliminary experiments with paraffin embedding of Atlantic cod juveniles resulted in disintegrating paraffin sections despite optimization of dehydration, clearing, and paraffin-embedding regimes. In contrast, MMA resin embedding and sectioning was immediately successful without any optimization. Compared with paraffin and cryogenic embedding, the orientation of MMA-embedded specimens is easily inspected, because the blocks are clear and an optimal cutting angle can be obtained after tooling. The possibility for preparation of non-decalcified sections is beneficial for staining of calcified structures as well as for obtaining the best possible morphology (Blythe et al. 1997; Yang et al. 2003) . The low-exothermic curing may also improve antigenicity, although the main cause of deterio- Figure 1 Flow diagram of methyl methacrylate embedding, resin removal, and in situ hybridization (ISH) analysis of a large specimen. The total hands-on time applied in embedding is brief and does not depend upon sample size. Immunohistochemistry (IHC) can be carried out after the resin removal step. rated antibody function is the cross-linking of proteins caused by formalin fixation (D'Amico et al. 2009 ). One drawback compared with paraffin is the slower cutting speed and the absence of cutting ribbons; thus, the main application of this protocol is in research and not in high-throughput routine applications. Resin sections are prone to falling off the slides during IHC and ISH and, when compared with mounting in 70% ethanol, the reported use of xylene significantly improves the adherence during long protocols. Compared with other resin types, MMA improves detection sensitivity because it is removable (Church et al. 1997; Warren et al. 1998 ). Here we report strong coloration of both IHC and ISH signals, which implies good accessibility of both proteins and mRNA in MMA sections of whole fish and non-decalcified tissues. The detection of MyoD-positive myosatellite cells relatively close to the skin suggests that fiber recruitment in the adaxial muscle is spatially restricted. Further, the appearance of new cells explains the mosaic appearance of postlarval fish muscle and visualizes proliferative regions (Rowlerson and Veggetti 2001) . The spatial expression of bmp4 in juvenile fish tissues is unknown, but postembryonal bmp4 expression has been investigated in the brain of rodents (Mikawa et al. 2006; Lein et al. 2007 ) and points toward a role for Bmp4 in astrocyte maturation (Gross et al. 1996; Gomes et al. 2003) . Our findings with strong staining in cod astrocytes may suggest a similar role in teleosts, but more studies are needed. In the cod transverse sections, bmp4 was present in most cells of the adaxial muscle. The function remains to be elucidated, but bmp4 is a known inhibitor of MyoD during embryonal myogenesis (Hirsinger et al. 1997; Marcelle et al. 1997) . The ISH analysis of Atlantic salmon col1a1 and col2a1 expression shows that both collagen genes are expressed in both osteoblasts and chondrocytes, although the former is much more abundant in osteoblasts. From mammals, it is known that these genes display cell specificity with col1a in differentiating osteoblasts and possibly in transdifferentiating chondrocytes (Roach et al. 1995; Gelse et al. 2003) , whereas col2a1 is active in chondrocytes and the control cellular phenotype (Zhao et al. 1997) .
In summary, the results from the ISH and IHC analyses show that MMA resin is a good alternative to paraffin and cryoembedding. The possibility of whole embedding of sizeable specimens enables analysis of gene activity in juvenile fish larvae and even adults of species like zebrafish. MMA sections offer good section adherence and quality, and the possibility of detecting mRNA and proteins in the same embedded tissue, including calcified structures. Further experiments in our laboratory have confirmed these findings for additional antibodies and probes.
